Boundary cap cells (BC), which express the transcription factor Krox20, participate in the formation of the boundary between the central nervous system and the peripheral nervous system. To study BC stemness, we developed a method to purify and amplify BC in vitro from Krox20
, R26R
YFP/+ mouse embryos. We show that BC progeny are EGF/FGF2-responsive, form spheres, and express neural crest markers. Upon growth factor withdrawal, BC progeny gave rise to multiple neural crest and CNS lineages. Transplanted into the developing murine forebrain, they successfully survived, migrated, and integrated within the host environment. Surprisingly, BC progeny generated exclusively CNS cells, including neurons, astrocytes, and myelin-forming oligodendrocytes. In vitro experiments indicated that a sequential combination of ventralizing morphogens and glial growth factors was necessary to reprogram BC into oligodendrocytes. Thus, BC progeny are endowed with differentiation plasticity beyond the peripheral nervous system. The demonstration that CNS developmental cues can reprogram neural crest-derived stem cells into CNS derivatives suggests that BC could serve as a source of cell type-specific lineages, including oligodendrocytes, for cell-based therapies to treat CNS disorders.
dysmyelination | reprogramming | transplantation B oundary cap cells (BC) are neural crest (NC) derivatives and were first described as discrete cell clusters localized at the dorsal root entry zone and motor exit point of the embryonic spinal cord (1) . Their specific location at the central nervous system (CNS) and peripheral nervous system (PNS) interface and genetic ablation (2) showed that BC are involved in the formation of PNS-CNS boundaries. BC maintain spinal cord integrity by inhibiting motoneuron cell bodies exit to the periphery (3). Fate mapping, based on the exclusive expression of the zinc finger transcription factor Krox20 by BC between embryonic day (E)10.5 and E15.5, showed that migrating BC derivatives differentiate into Schwann cells (SC) in spinal roots, and satellite cells and a subset of nociceptive neurons in dorsal root ganglia (DRG), suggesting their multipotency (2) . HjerlingLeffler and collaborators (4) highlighted the presence of a pluripotent population in the E11 mouse DRG capable of selfrenewal and differentiation into multiple NC derivatives. We reported that BC have a defined molecular signature intermediate between NC cells and SC precursors (3) . Furthermore, when transplanted remotely from a focal myelin lesion of the spinal cord, BC generated remyelinating SC and few oligodendrocytes. Overall, these results strongly suggest that BC are stem cells of the embryonic PNS. However, the definition of BC stemness has been hampered by the difficulty of purifying and amplifying this restricted population. In this study, we used cellfate mapping, FACS, and microdissection to isolate, expand, and assess BC stemness in vitro and in vivo. Our data show that BC progeny behave as stem cells that can acquire differentiation plasticity which extends beyond the PNS.
Results
BC Isolation and Expansion. Meninges were microdissected from E12.5 Krox20
Cre/+ : R26R YFP/+ mouse embryos, which allows the genetic tracing of BC derivatives (YFP + ) between E10.5 and E15.5 ( Fig. S1 A-C) . As previously reported, YFP + cells represent only 7 ± 1% of the total population (3), making FACS sorting difficult on a very limited number of cells. Therefore, acutely dissociated meningeal cell preparations were expanded for the short term in medium containing EGF and FGF2 (thereafter proliferation medium) (Fig. S1D ). These conditions induced sphere formation with variable proportions of YFP + and YFP − cells (Fig. 1A ). Spheres were next dissociated and FACS-purified (Fig. S1E ). The percentage of YFP + cells, evaluated by immunocytochemistry prior to FACS, was not significantly different from that detected in acutely dissociated preparations (Fig. 1C) , confirming that the ratio of YFP + and YFP − cells remained the same during the first expansion period. YFP + purified cells (thereafter YFP + cells) were further plated at semiclonal density in proliferation medium. After FACS and short-term amplification, 97 ± 3.5% of the entire population was YFP + ( Fig. 1 B and C and Fig. S1F ). Rapid expansion of the purified population showed that, like CNS (5) and NC (6, 7) -derived stem/precursor cells, BC derivatives responded successfully to EGF and FGF2 by forming spheres (Fig. 1B) . The dynamics of YFP + cell proliferation was analyzed at 4 h after FACS and after short (passage 2; P2) and long (P9) -term culture. Combined immunocytochemistry for YFP and the cell proliferation marker Ki67 revealed that active proliferation of YFP + cells was sustained with time in culture (Fig. 1 D-G) . To exclude the possibility that YFP − cells could give rise to YFP + cells, the FACS-sorted negative fraction was plated in proliferation medium for four passages. The absence of YFP + cells in the negative fraction indicated that the YFP + cells were exclusively derived from BC and not from cells of the negative fraction that activated Krox20 in vitro.
Specificity of BC Preparations. Stripped-off meninges could have been contaminated by central derivatives. To rule out this possibility, acutely stripped meninges on one hand and age-matched neural tube on the other were processed for RT-PCR. Data show that Olig1 and Olig2, two CNS-specific transcription factors (8, 9) , were detected in the neural tube but not in meningeal Author contributions: V.Z. and A.B.-V.E. designed research; V.Z., J.T., C.B., M.V., C.D., and N.S. performed research; F.C., P.C., and P.T. contributed new reagents/analytic tools; V.Z., J.T., C.B., M.V., C.D., N.S., and A.B.-V.E. analyzed data; and V.Z., J.T., P.C., P.T., and A.B.-V.E. wrote the paper.
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This article is a PNAS Direct Submission. preparations, showing no evidence of CNS contaminants in the meningeal preparation (Fig. S2) .
To exclude the possibility that BC represent a common precursor of PNS and CNS, we compared the transcriptional profiles of FACS-purified YFP + BC progeny with that of age-matched neural tube. RT-PCR analysis showed that Olig 1 transcripts were expressed exclusively in the age-matched neural tube, and NC transcripts such as Snail and Slug and BC transcripts such as Krox20 and L20 (2, 10) were exclusively expressed in BC progeny (Fig. S2A) . Surprisingly, Olig2 transcripts were expressed in both neural tube and BC derivatives. However, the absence of Olig2 transcripts in meninges but their presence in BC derivatives indicated induction of Olig2 transcripts upon this culture condition, as previously reported (11) .
Finally, we compared the differentiation potential of neural precursor cells (NPC) and BC in the absence of EGF/FGF2 and the presence of 2% FCS (thereafter NPC differentiation medium), a condition known to induce NPC-derived oligodendrogenesis. Immunohistochemistry identified GFAP + cells in both types of cultures (Fig. S2 D and G) . However, the oligodendroglial markers O4, GalC (Fig. S2 B and E), and CNPase ( Fig. S2 C and F) were exclusively detected in differentiated NPC.
BC Derivative Characterization and Differentiation Potential. Our previous study indicated that BC from acutely dissociated meningeal preparations expressed the general PNS marker p75, together with immature cell markers such as Nestin, PSA-NCAM, and Sox9, but not S100β, a marker of immature and mature SC (3). Immunocharacterization of YFP + cells prior to FACS at P2 confirmed that the majority of YFP + cells expressed Nestin (94.5 ± 3%), Sox9 (86 ± 4.5%), and PSA-NCAM (85 ± 5%), whereas few cells expressed the neuronal marker β3-tubulin (7 ± 1%) or the glial fibrillary acidic protein (GFAP) (1.5 ± 1%) ( Fig. 2 A-J), and none expressed S100β or smooth muscle antigen (SMA), a marker for myofibroblasts. Analysis of dissociated YFP + spheres after short (P4) and long (P11) -term culture showed that immature cell markers were maintained with passages whereas mature cell markers nearly vanished (Fig. 2J) . We next performed RT-PCR analysis for multiple-lineage stage-associated transcripts on BC derivatives and adult spinal cord as control (Fig. 2K) . NC transcripts such as Snail and Slug and BC transcripts including Krox20 and L20 (2, 10) were present after short-and long-term BC culture, but not in control spinal cord. Neural stem cell mRNA such as Musashi, Nestin, and Sox9 were detected in all samples.
Transcripts corresponding to more differentiated cell types such as β3-tubulin and GFAP were expressed at very low levels in BC compared with adult spinal cord. Thus, expansion of purified YFP + cells in EGF/FGF2 medium did not affect the original BCassociated transcript and protein expression pattern.
NC-related stem cells are known to give rise to multiple NCderived lineages including neurons, glial cells, and myofibroblasts (6, 12, 13) . We examined the differentiation potential of YFP + cells by culturing dissociated YFP + cells for 8 d in NC differentiation medium (6) . We identified differentiated cells by immunodetection of β3-tubulin for neurons, S100β for SC, and SMA for myofibroblasts. In addition, we used GFAP in combination with p75 to discriminate astrocytes (GFAP + /p75
. YFP + cells demonstrated multilineage differentiation potential after short-and long-term culture with GFAP + (84.3 ± 10%) and SMA + (7.7 ± 1%) cells as major components, whereas β3-tubulin + and bipolar S100β + each constituted less than 1% of the population (Fig. 2 L-O) . The presence of flat GFAP + /p75 − and β3-tubulin + /p75 − suggested BC spontaneous differentiation into PNS but also CNS phenotypes.
BC Migration and Differentiation Potential in the Developing Shiverer
Brain. As a further test of BC multipotency, we grafted YFP + cells into the subventricular zone (SVZ) of the newborn Shiverer mouse, a dysmyelinated mutant deficient in myelin basic protein (MBP) (14) . Animals were killed at postnatal day (PN) 12, 28, and 42. Immunohistochemistry at PN12 revealed extensive migration of BC-derived progeny from the graft site throughout the forebrain. YFP + cells left the SVZ and migrated into multiple brain regions including cortex, rostral migratory stream, olfactory bulb, hippocampus, corpus callosum, striatum, fimbria, thalamus, and around the fourth ventricle (Fig. S3) . After the first week, many grafted cells had an immature bipolar phenotype (Fig. S3 F-H) characteristic of migrating cells, with orientations suggesting either a radial (corpus callosum) or a tangential (rostral migratory stream) migration mode ( Fig. S4 A and B) . Moreover, double immunostaining for GFAP and YFP showed that YFP + cells migrating in the rostral migratory stream were tangled within a GFAP + astrocyte network (Fig. S4 B1-C3 ), like neural precursors in the postnatal developing brain (reviewed in refs. [15] [16] [17] [18] . At later times (PN28 and PN42), YFP + cells adopted a more complex morphology as they integrated successfully into the host parenchyme (Figs. 3 and 4) . Although YFP + cells proliferated In contrast, we found evidence for BC-derived progeny differentiation into GFAP + astrocytes (Fig. 3 A-A3 ), NeuN + neurons (Fig. 3 B-B3 ), and Olig2 + (Fig. 3 D1-D3 ) or CC1 + (Fig. 3 C1-C3 ) oligodendroglial cells. The relative proportion of each differentiated cell type varied between animals and regions. Regional analysis indicated that neuronal differentiation occurred in neurogenic regions such as thalamus (<1%) and olfactory bulb (>90%) and astrocyte differentiation occurred in cortex (>90%), thalamus (>90%), cerebellum (>90%), and meninges (>100%) and to a minor extent in corpus callosum (<10%), whereas oligodendrocyte differentiation prevailed in white-matter tracts such as corpus callosum (>90%), fimbria (>90%), and striatum but was reduced in gray matter such as cortex (<10%) (Fig. 3E) . Some YFP + cells adopted perivascular locations. These cells expressed GFAP and extended processes to the blood vessel wall, a behavior characteristic of astrocytes involved in blood-brain barrier formation (Fig. 3 A-A3 and Fig. S4 E1-E3) (19-22) . However, immunostaining for PECAM1 (Fig. S4D ) or SMA to identify endothelial cells and pericytes, respectively, and careful examination by confocal microscopy excluded the possibility that the blood vessel-associated BC-derived progeny differentiated into vascular cells. We also searched for possible differentiation of grafted cells into PNS cell types. The absence of p75 expression by the grafted YFP + cells excluded this possibility and confirmed that under CNS developmental conditions, BC progeny were essentially redirected toward CNS phenotypes. shiverer mice lacking MBP are attractive recipients for studying donor-derived myelination (23) . To improve oligodendroglial cell tracking in vivo, some animals were grafted with HIV-GFPtransduced YFP + cells. The contribution of BC-derived progeny to CNS myelination was examined with antibodies against CC1 and MBP. GFP + /CC1 + and YFP + /CC1 + cells had ramified processes (Fig. 4 A-A3 and Fig. S5 A1-A3 bodies were not always in the same plane as the MBP + myelin profiles, rendering quantification of donor-derived myelination difficult to achieve. Although MBP + cells or MBP + myelin was never found at P12, MBP + myelin was observed in 70% of the grafted animals at later stages (n = 20). BC-derived myelin was not restricted to the point of injection but spread in dorso-ventral and caudo-rostral directions, as MBP + structures were found in multiple brain regions including corpus callosum (Fig. 4B) , cortex, striatum, and fimbria, as previously described for neural precursors (17, (23) (24) (25) . Double immunolabeling for MBP and 2H3 to identify host neurofilaments and confocal microscopy showed shiverer axons clearly ensheathed by BC-derived myelin (Fig. 4D) . Moreover, double staining for MBP and the paranodal protein Caspr showed BC-derived myelin associated with normally organized paranodes (Fig. 4 E1-E3 ). This suggested their contribution to the formation of nodes of Ranvier, a process that correlates with improved axonal conduction (26, 27) . Because acute BC preparations grafted in the demyelinated spinal cord give rise mainly to myelin-forming SC (3), we investigated whether YFP + cells might participate in PNS myelin formation using antibodies against P0, the major peripheral myelin marker. YFP + cells and internodes expressing P0 were never detected (n = 14 animals), indicating that BC were redirected exclusively into CNS myelin-forming cells in response to CNS developmental cues. The presence of donor-derived myelin was confirmed by electron microscopy, as ultrastructural analysis of corpus callosum showed that several host axons were surrounded by compact myelin (Fig. 4 F and G) . The absence of SC basement membrane and/or SC cytoplasm bordering PNS myelin confirmed that donor-derived myelin was of CNS type exclusively.
BC Differentiation into Oligodendrocytes: A Multistep Process. We next investigated in vitro the potential mechanisms involved in BC-derived oligodendrogenesis. As stated above, treatment of FACS-sorted YFP + cells with NPC differentiation medium (Fig.  S2 E-G) did not induce the presence of O4-, GalC-, and CNPaseexpressing cells. The emergence of oligodendrocyte precursor cells (OPC) in the embryonic neural tube and forebrain is controlled by "ventralizing" morphogens such as Noggin, an antagonizer of BMP, and Sonic hedgehog (Shh) (28) . Therefore, we examined their effects on redirecting BC into OPC before their treatment with glial differentiation medium, known to promote OPC survival and/or differentiation (Table S1 ). Treatment with Noggin induced the generation of β3-tubulin + neurons, whereas treatment with Purmorphamine, a small molecule that activates the Shh pathway (29) , induced the genesis of GFAP + astrocytes. When combined, these factors induced the generation of neurons and astrocytes but not oligodendrocytes.
Cells of the oligodendrocyte lineage were generated only after sequential treatment with Noggin followed by Purmorphamine (Table S1) . Immunocytochemistry for oligodendroglial cell stage markers showed that BC-derived oligodendrogenesis was a multistep process (Fig. 5) . Under EGF/FGF2 conditions, BC derivatives were small flat NC-like cells, expressing Olig2 (98 ± 2% of Hoechst + population) but negative for the nuclear pre-OPC transcription factor Nkx2.2 and the later oligodendroglial markers O4 and GalC (Fig. 5 A-C) . After removal of EGF/FGF2 and treatment with Noggin followed by Purmorphamine, cells adopted a typical bi-or tripolar OPC-like morphology, expressing nuclear Nkx2.2 (16 ± 3% of Olig2 + population) but negative for O4, GalC, or CNPase, suggesting their differentiation in pre-OPC (Fig. 5 D-F) . Finally, treatment of BC-derived OPCs with glial differentiation medium induced their differentiation in multibranched oligodendrocytes with YFP + cells expressing Olig2 (Fig. S6) , CNPase, O4, and GalC, indicating their ability to mature in oligodendrocytes (Fig. 5 G-I) . Quantification of CNPase + cells, which outnumbered O4 and GalC + cells, indicated that they represented 5.7 ± 0.43% of the Olig2 + population. RT-PCR analysis of FACS-sorted BC derivatives harvested at each step of sequential treatment confirmed the multistep differentiation process (Fig. 5J) . Indeed, OPC transcript PDGF receptor α (PDGFRα) expression occurred in BC only after Noggin treatment, whereas mature oligodendrocyte MBP transcripts were detected only after Noggin/Purmorphamine pretreatment followed by glial differentiation factor media.
To prove that the mature oligodendrocytes were derived from YFP + BC progeny, we performed double labeling for YFP and CNPase and assessed that 100% of CNPase + cells were YFP + (Fig. S6 ).
Discussion
Using a Krox20-based Cre-lox fate-mapping approach combined with microdissection and FACS sorting, we succeeded in purifying BC discrete populations from the embryonic PNS. We demonstrate that BC are bona fide stem cells which can self-expand and differentiate into multiple lineages in vitro and in vivo. In vitro, BC progeny were EGF/FGF2-responsive and could be propagated as spheres without major modification of their immature characteristics. In NC differentiation medium, BC progeny differentiated into multiple lineages, namely myofibroblasts, glia, and neurons. BC multipotentiality was further confirmed by grafting purified BC progeny into the neonatal mouse brain. Surprisingly, the migration and differentiation patterns of grafted BC progeny were comparable with those obtained with endogenous or exogenous primary NPC in the postnatal brain (15) (16) (17) (18) . Moreover, their close association with blood vessels, suggesting their contribution to blood vessel structures or vascular tropism, was also highlighted for endogenous or transplanted NPC (19) (20) (21) (22) . Finally, BC-derived progeny generated the three main CNS components. The differentiation in glial cells prevailed over neuronal cells according to the temporal differentiation of these cells in situ. Moreover, BC-derived astrocytes occurred preferentially in gray matter and BC-derived oligodendrocytes in white matter (23) (24) (25) . These observations indicate that BC progeny, although of NC origin, responded fully to CNS environmental cues and behaved as NPCgenerating neurons, astrocytes, and oligodendrocytes without tumor formation. The glial derivatives appeared functional, as astrocytes contributed to blood vessel structures and oligodendrocytes formed myelin sheaths around axons.
Genesis of CNS derivatives was also achieved in vitro. Retrieving BC progeny from their PNS-CNS boundary location and expanding cells in EGF/FGF2 was sufficient to induce loss of PNS (p75) and acquisition of CNS (Olig2) characteristics (Fig. S2 and Fig. 4 ). This suggests that BC-derived cells acquired CNS features or underwent deregulation in response to EGF/FGF2 treatment as previously reported for embryonic NPC and DRG stem cells (11) . However, Olig2 induction in BC progeny was not sufficient to redirect BC into cells of the oligodendrocyte lineage, as nuclear Nkx2.2 was not detected, even in conditions favoring oligodendrocyte differentiation (NPC differentiation medium). Indeed, sequential exposure to the BMP antagonizer Noggin, followed by the Shh analog Purmorphamine, was necessary to generate BC-derived pre-OPC. Finally, BC-derived OPC responded to oligodendrocyte differentiation factors, acquiring a multibranched phenotype and CNPase, O4, and GalC antigens, characteristics of mature stages of the oligodendrocyte lineage. Thus, in vitro, BC derivatives reproduce CNS developmental principles followed by differentiating embryonic stem cell-derived or primary NPC into OPC (29) (30) (31) (32) .
These in vitro observations are consistent with the fact that NC cells are responsive to BMPs, because BMPs are known to regulate NC formation and delamination (33, 34) . They also highlight that antagonizing BMP signaling with Noggin in BC derivatives in vitro contributes to the loss of NC characteristics and acquisition of CNS phenotypes. Moreover, the fact that Shh was further required for the genesis of BC-derived pre-OPC correlates with its recognized role as a potent inducer of OPC in the ventral embryonic CNS (reviewed in ref. 28) .
Our in vitro observations also correlate with the fact that Noggin and Shh are highly expressed in the postnatal forebrain and in particular in periventricular areas (35, 36) , along with growth factors such as IGF1, PDGFA, and NT3. The availability of these environmental cues at the time of BC grafting in the newborn SVZ strongly suggests their implication in reprogramming BC progeny in oligodendrocytes in vivo. Moreover, BMPs, which are known to specify astrocytes in the postnatal brain (37), could be responsible for redirecting grafted BC in astrocytes. We show that according to their location, BC-derived progeny differentiated either in astrocytes, oligodendrocytes, or neurons. It is possible that BMPs, Noggin, and Shh act as antagonistic morphogens to promote glial diversity, and that variable expression patterns of these factors or their receptors could have favored the genesis of BC-derived astrocytes in gray matter and oligodendrocytes in white matter.
BC differentiation in CNS lineages could have resulted from the presence of CNS contaminants within the initial FACS-sorted cell preparations. However, several observations argue against this possibility. First, RT-PCR analysis of freshly harvested meninges containing BC failed to detect the CNS-specific transcription factor transcripts Olig1 and Olig2, eliminating the presence of CNS contaminants in the initial preparation. Transcriptional analysis of the embryonic neural tube and BC progeny highlighted that except for Olig2, BC derivatives expressed transcripts clearly distinct from the neural tube, with Slug, Snail, Krox20, and L20 highly specific for BC derivatives and Olig1 highly specific for neural tube. Although Olig2 transcripts were expressed in neural tube and BC derivatives, Olig2 positivity was not detected in situ in BC (38) , confirming its in vitro induction and arguing against a possible common PNS-CNS precursor. Moreover, BC progeny acquired PDGFRα transcripts only when primed to differentiate into oligodendrocytes, thus demonstrating that YFP + cells were not initially contaminated by oligodendrocyte precursors but responded to CNS developmental cues to differentiate into oligodendrocytes. Second, in vitro conditions allowing differentiation of NPC into oligodendroglial cells did not suffice to induce BC-derived oligodendrogenesis. Third, in vitro induction of YFP + cells never occurred in the YFP − fraction grown in spheres, thus eliminating the possibility that YFP − contaminants became YFP + . Finally, BC-derived oligodendrocytes were always YFP + both in vitro and in vivo, demonstrating unambiguously their BC origin.
In conclusion, we have developed a method for purifying BC discrete populations from the embryonic PNS and demonstrated that BC are bona fide stem cells which can self-expand and differentiate into multiple lineages in vitro and in vivo. Most importantly, our data show that CNS developmental cues can redirect PNS stem cell derivatives into CNS lineages. These appeared functional, as BC-derived astrocytes seemed to contribute to blood vessel structures, and BC-derived oligodendrocytes formed myelin around axons and participated in the formation of nodes of Ranvier. These findings obtained with a very pure and defined population of PNS stem cells substantiate BC stemness and differentiation plasticity beyond the PNS. Our findings also suggest a method for redirecting PNS stem/precursor cells into oligodendrocytes in vitro through the combined regulation of Noggin and Shh signaling. When optimized and applicable to the recently discovered NC-derived stem cells in adult DRG (6, 39) and skin (6, (40) (41) (42) , this method may help the development of strategies to treat neurological disorders, including those affecting CNS myelin (43) . 
